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Abstract. Experimental studies of the electron energy distribution function “EEDF” under well defined
conditions in flowing afterglow plasma, using a Langmuir probe are reported. The EEDF is measured in
Hel and Art dominated plasmas and in XeH" and XeD™" dominated recombining plasmas. He is used as a
buffer gas at medium pressures in all experiments (1600 Pa, 250 K). The deviation of the measured EEDF
from Maxwellian distribution is shown to depend on plasma composition and on the processes governing
the plasma decay. The influence of energetic electrons produced during the plasma decay on the body and
tail of the EEDF is observed. The mechanism of energy balance in afterglow plasma is discussed.

PACS. 52.20.Fs Electron collisions — 52.20.-j Elementary processes in plasmas — 52.70.Ds Electric and

magnetic measurements

1 Introduction

Internally excited and especially metastable particles play
an essential role in pulsed and decaying plasmas. The den-
sity of these particles can exceed the density of charged
particles by several orders of magnitude. In low tem-
perature plasma the overall energy stored in these ex-
cited neutral particles can be substantially higher than
in ions and the potential energy of electrons. This excita-
tion energy can be transferred to kinetic energy of elec-
trons in inelastic collisions. Depending on the intensity
of this process and the dissipation of the energy gained,
the electron energy distribution function “EEDF” can
change, and eventually the temperature of electrons can
increase. The influence of inelastic processes on electron
energy distribution functions in low temperature plasma
has been studied theoretically and experimentally many
times. Production of fast electrons in Penning ionisation
and non-Maxwellian EEDFs were observed in many ex-
periments [1-4]. Bi-Maxwellian EEDF and depletion of
fast electrons due to inelastic collisions have also been fre-
quently observed. In the majority of these experiments
EEDF's were measured in non-isothermal plasmas with an
electron temperature 7, > 1 eV, measurements in ther-
mal plasma with T, ~ 300 K are very exceptional [5].
In thermal plasma the EEDF at 300 K spans just over
a few tenths of an eV, and the production of electrons
with energy ~1 eV is not overlapped by the EEDF body.
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This can significantly modify the tail of the EEDF. This
is the case of helium flowing afterglow plasma, which con-
tains He metastables He(23S) and He(2'S) with excitation
energies 19.8 eV and 20.6 eV, respectively [6,7]. If reac-
tant gas with an ionisation energy lower than the excita-
tion energy of the helium metastables is added to such a
plasma, Penning ionisation takes place and fast electrons
are produced. If Ar, Kr or Xe are used as reactant gases
the plasma is dominated by atomic ions which recombine
only very slowly [8]. In such plasmas the electron temper-
ature, EEDF and its evolution can be studied very pre-
cisely. Here, we report measurements of the EEDF and its
relaxation in near-thermal plasmas in flowing afterglow.
Because the plasma temperature is very low, the produc-
tion of electrons in sub 1 eV region and the depletion of
the tail of the EEDF due to losses to the wall are observed
to depend on the conditions in the plasma.

2 Experiment

A schematic of the flowing afterglow with Langmuir probe
(FALP) used in the presented experiments is shown in Fig-
ure 1. Helium buffer gas flows through the glass discharge
tube (12 mm in diameter), where the plasma is formed in
a cylindrical microwave resonator applying a power from
10 W to 25 W. The plasma is then driven by a flow of the
buffer gas into the stainless steel flow tube with diameter
50 mm, where reactants can be introduced via injection
ports (P1, P2).
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Fig. 1. (Color online) Schematic of FALP apparatus. Buffer
gas flows from discharge region (upper left corner) towards the
Roots pump (right). The plasma formed in the discharge is
driven along the flow tube. The plasma parameters on the axis
of the flow tube are measured by an axially movable Langmuir
probe (from the port P2 up to the end of the flow tube).

The flow tube is kept at 250 K during the measure-
ments. The parameters of the plasma in the axis of the
flow tube are measured by an axially movable Langmuir
probe over a range of ~35 cm downstream from the sec-
ond reactant inlet P2; this corresponds to a plasma decay
time of up to 60 ms. The probe itself is made of a tungsten
wire with a diameter of 18 pym and length 7 mm. Details
of the FALP experiment are given in reference [7,9].

3 Measurement of plasma parameters

The basic principle of the plasma diagnostic using a
Langmuir probe lays in the measurement of the voltage-
current characteristics of the probe immersed into the
plasma (Ip, versus Up;). The electron density is deter-
mined from the slope of the linear section of the plot of I3,
versus Up,. The probe is calibrated for absolute electron
density measurements using the well-established value of
a recombination rate coefficient of OF ions [10-12]. From
measured probe characteristic the electron density, the
plasma potential and the floating potential can be ob-
tained. The measured temporal evolutions of electron den-
sities are plotted in Figure 2. Also plotted are differences
between plasma and floating potential A = (Up—Up); this
difference is proportional to electron temperature if the
plasma has a Maxwell electron energy distribution func-
tion [12]. The actual electron temperature can be calcu-
lated from the probe characteristics under the assumption
that the plasma has a Maxwellian (or close to Maxwellian)
EEDF. The evolution of electron temperature along the
flow tube, calculated from the measured probe character-
istics are shown in Figure 2.

Interpretation of the observed evolutions along the flow
tube in He;|r and Art dominated plasmas is relatively sim-
ple. The afterglow plasma in pure He after ~35 ms of de-
cay consists of very slowly recombining Hej ions [10] and
metastable He(23S) [6,7]. The plasma predominantly de-
cays by ambipolar diffusion, hence the exponential decay
of electron density is observed. The decay of density of
metastables is very slow and at the position of port P2
their density is higher than the ion density. This can be
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Fig. 2. (Color online) The evolution of afterglow plasma along
the flow tube in Hej (full symbols) and Ar™ (open sym-
bols) dominated plasmas. Upper panel: the difference between
plasma and floating potential A = (Up; — Ug). Middle panel:
the measured electron temperature evolutions in Hej and Ar™

dominated plasmas. Lower panel: the decays of electron densi-
ties along the flow tube.
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Fig. 3. (Color online) The measured decay of electron density
in Hej dominated plasma in pure He and the increase of the
electron density in the afterglow plasma after injection of Xe
via port P2. Indicated are the dominant ions. For comparison
the electron density decay of argon plasma is plotted. In this
case Ar is added to the afterglow via port P1.

demonstrated by adding a gas with ionisation energy lower
than the excitation energy of metastables to the flow tube
via port P2. Figure 3 presents the measured evolution of
electron density after addition of Xe via port P2. Immedi-
ately after the addition of xenon, electrons and Xe' ions
are produced in fast Penning ionisation.

In afterglow in pure helium, the metastables interact
with electrons in superelastic collisions and as a conse-
quence the electron temperature is higher than buffer gas
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temperature (see Fig. 2). If metastables are removed by
Penning ionisation, the plasma loses the source of heat-
ing and the electron temperature is close to 300 K. The
question is how the heating of electrons is reflected in the
EEDF. Instead of Xe, Ar or Kr can be used to remove
metastables from a helium afterglow. In the majority of
recombination studies a small admixture of Ar in He is
used to remove metastables (see Fig. 3).

4 Measurement of EEDF in He; dominated
decaying plasma

In some studies of plasmas a rough estimation of elec-
tron temperature is not sufficient and it is necessary to
measure actual EEDF. These measurements are impor-
tant if processes with strong dependence on electron en-
ergy are studied in afterglow plasma. Such studies are,
for example, measurements of recombination rate coeffi-
cients. The measurement of EEDF along the flow tube
also characterises the degree of relaxation of the after-
glow plasma. Eventually it indicates the correct use of
electron temperature for the characterisation of electron
gas. The example of measured probe characteristics and
corresponding second derivative I}, are shown in Figure 4.
The probe characteristics were measured at port position
P2; this corresponds to the plasma decay time 7 = 35 ms.

At positive probe potentials with respect to the plasma
potential, for Up, > Upy, there is a section of “saturated
electron current”. At Up, < Up there is “saturated ion
current”. The region in between is called the “transition
region”. The probe characteristics were fitted in the region
of the saturated ion current [12] and the fit was extrap-
olated towards the plasma potential to obtain I; in the
transition region (see Fig. 4), where it cannot be mea-
sured. By subtraction of the ion current from the overall
probe current the corresponding electron current to the
probe is obtained: I, = Ip, — I;.

The EEDF (f(¢)) can be calculated from the sec-
ond derivative of the electron current to the probe using
Druyvesteyn formula (the values obtained using this for-
mula are indicated as fp(¢g)) [7,12]. For (Up, — Up1) < 0

fo(e) = fo(q(Up: — Ur))

- 2\/ 2me Upr — Up] d2Ie (1)
T neq?A q dU3.’

where Up, is the probe potential and fp(e) is the EEDF
at energy ¢ = ¢(Upy — Up1) normalised to 1. The electron
charge ¢ < 0. Note that in the formula the electron part of
the probe current I, is used to obtain the EEDF. Due to
the large difference in electron and ion masses and because
of the nature of the dependence of ion current on the probe
potential I;(Up;) we can, to a rather good approximation,
use Ip, =17+ I" = I/. In Figure 4 both I} and I/ are
plotted, the difference is negligible. It is obvious that at
our experimental conditions (pressures 660-2000 Pa) the
correction of EEDF accounting for ion current can be ne-
glected. The plasma Up; and the floating Ug potentials are
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Fig. 4. (Color online) The probe characteristic Ip: versus Up:
and its second derivative Ijy, measured in He afterglow 35 ms
after the discharge. Indicated is the plasma potential Upi, the
floating potential Ug and the fit of the ion current [;. From the
extrapolation of the ion current /; and from the probe current
the electron current to the probe I. and its second derivative
1! were calculated.

given by the conditions Ifs, = 0 and Ip, = 0, respectively.
More detailed description of Langmuir theory is given in
reference [12].

As follows from the Druyvesteyn formula the second
derivative I}, is proportional to fp(e)/y/e. If the EEDF
is Maxwellian then a semi-logarithmic plot of Ij versus
€ gives a straight line. The fitted straight line to the data
plotted in Figure 4 corresponds to Maxwellian EEDF with
kgT. ~0.05 eV. It is evident that for € = q(Up, — Upy) >
0.5 eV the measured EEDF has an excess of electrons
in comparison with Maxwellian EEDF. We assume that
the observed high-energy electrons in He afterglow orig-
inate from reactions of two metastables, He™ + He™ —
Hej + e~ (¢), where ¢ ~ 15 eV. Part of these fast elec-
trons can escape the plasma because the ambipolar field
is not strong enough to control their flow. Some of these
fast electrons lose their energy in elastic collisions with
He atoms and are cooled down to a lower energy. We
can see these electrons on measured curves as an excess
above the Maxwellian EEDF (enhancement of the tail of
the EEDF, see Fig. 4). If electrons have an energy below
0.5 eV, the electron-electron energy exchange is very ef-
fective, the maxwellisation is fast and the EEDF is very
close to Maxwellian. Due to the integral effect we can
see that the electron temperature is significantly higher
than the buffer gas temperature during the early afterglow
(see Fig. 2). Beyond this point the temperature slowly de-
creases along the flow tube with decreasing metastable
density.

The Druyvesteyn formula should be used with care
at higher pressures because the electron current to the
probe is influenced by electron-atom collisions close to the
probe. We studied the necessary correction of the EEDF,
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Fig. 5. (Color online) The electron energy distribution func-
tion “EEDF” measured in the very late afterglow in the helium
buffered plasma dominated by ions Hej . In first approxima-
tion the EEDF is obtained from the probe characteristic using
Druyvesteyn method (open symbols). Better approximation is
obtained with correction to influence of collisions in vicinity
of the probe (closed symbols) [7]. The dashed curve indicates
Maxwellian EEDF fitted to measured data for € > 3kgTe.

see reference [7] and references therein. The EEDF ob-
tained from Druyvesteyn formula and the EEDF after the
correction are plotted in Figure 5. Note that the correc-
tion is significant only for energies € < 3kpT,. Because in
the present study we concentrate on the EEDF at higher
energies (¢ > 3kpT,) we will not pay attention to invalid-
ity of Druyvesteyn formula in low energy region.

The EEDF plotted in Figure 5 was measured 35 ms af-
ter the discharge, nevertheless we can see that at energies
>0.3 eV there is small excess of fast electrons. The helium
metastables heat the electrons even in late afterglow (see
above discussion in connection with data plotted in Fig. 4
and discussion in Ref. [7]). The measurements show the
very high accuracy and sensitivity of our apparatus.

If Ar is added to the Hej /He™/e~ plasma, the
metastables are removed by Penning ionisation and
Art/e™ plasma is formed. The evolution of EEDF mea-
sured in such a plasma is shown in Figure 6. The EEDF's
are nearly Maxwellian over the whole range of electron
energies covered. The electron temperature obtained is
T, ~ 340 K i.e. it is slightly higher than Ty, AT, ~+90 K.
The increase can be caused by the presence of excited
ArT ions in the 2P1/2 spin state, with excitation energy
Ae = 0.18 eV [13]. These excited ions formed in the
Penning ionisation can transfer energy to electrons by
superelastic collisions. This phenomenon was observed in
Kr* and Xet dominated plasmas. From the present study
and also from other experiments [7] we can see that our
measurements suffer from the “apparatus effect”, which
increases the apparent electron temperature. The mea-
sured temperature was § ~ +70 K higher with respect
to the buffer gas temperature. This systematic increase
is probably due to fluctuations of the plasma potential,
probe potential and inhomogeneity of the probe surface.
If the potential on the probe against plasma potential fluc-
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Fig. 6. (Color online) The evolution of electron energy distri-
bution function along the flow tube in Ar™ dominated plasma
in He with admixture of Ar. The plotted EEDF's are normalised
to 1. In the inset the corresponding electron density n. decay
is plotted.

tuates, it will increase the apparent temperature measured
from the probe characteristics.

Note that EEDFs do not change significantly along
the flow tube and if we consider the above mentioned
“apparatus effect” § ~ 470 K we can conclude that the
ArT/e™ plasma is cold and thermal with electron temper-
ature close to the buffer gas temperature. We observe a
small excess of fast electrons but this is already within
the noise limit and it corresponds to less than 0.01% of
electrons. More pronounced effects were observed in re-
combining plasmas as will be demonstrated further in the
text. This cold relaxed Ar*/e™ plasma is used in our FALP
experiments to form plasmas dominated by desired ions.
In the present study this will be XeH"/e™ and XeD"/e™
plasmas.

5 Measurements of EEDF in recombination
governed low temperature plasma
in He/Ar/Xe/H, and He/Ar/Xe/D,

The different situation is in the afterglow plasma where
excited particles (ions and/or neutrals) are produced in
ion molecule reactions or in dissociative recombination.
We will discuss measurements of the EEDF in afterglow
plasma under the conditions that were used for measure-
ments of recombination rate coefficients of XeH™ and
XeD™ ions. In these experiments, helium is used as a buffer
gas. The discharge glows in pure He and Ar is added im-
mediately downstream from the discharge region via the
first reactant port P1 to form the Ar*/e™ plasma. The
Hy/Xe (or Dg/Xe) mixture is introduced into the flow tube
via the second reactant port P2 and the XeHt/e™ (or
XeD*/e™) dominated plasma is formed. The flow rates of
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Table 1. The main reactions taking place in the formation of XeH" and XeD" ions in He/Ar/Xe/H> and He/Ar/Xe/D>

plasmas, respectively.

No. Reaction Rate coefficient Reference
(em®s™h)

1 Art 4+ Xe — Xet 4 Ar 4x10718 [14]
XeH™ formation

2a, ArHT + Xe — XeH" + Ar 5x 10710 *

3a HI + Xe — XeH' + Ha 2.4 x107° [15]

da XeH™ 4 e~ — products 8x 1078 oK
XeD™ formation

2b ArDt + Xe — XeDT 4 Ar 5x 10710 *

3b Dj + Xe — XeDT + Do 1.7x 107° o

4b XeD' + e~ — products 8 x 1078 oAk

* Estimation based on Langevin rate coefficient.
** Estimation using data for reaction of HI with Xe [15].
*** Present experiment, the values measured at 1600 Pa and 250 K.

} H+Xe } H+ Xe
T T T T T T T T T T
10"°L :p=1600Pa,T=250K  [Ar]=1.0x10"cm® | Detail
E [H,] = 1.6x10" cm®
L . - 12 -3
- *‘\*\ r [Xe] =4.3x107 cm Fig. 7. (Color online) The calculated plasma forma-
of “*\% tion and decay along the flow tube in He/Ar/Xe/H,
— 107 L “\*\ mixture. We do not plot whole evolution between dis-
f= E \“*\\ charge and port P2, plotted is only the section shortly
L, XeH? \*\* before port P2. Data were obtained by solving the
c ol = - T set of partial differential equations corresponding to
10 3 considered processes. The diffusion and the recombi-
E ) nation losses are also included in the model. Plotted
e AH v H; O exp. XeH' . is also the electron density decay measured at cor-
A o H e % exp Ar responding conditions (large circles). For comparison
10 M| . ! . e O the decay measured in He/Ar mixture dominated by
0 . . 4 Ar™ ion is also plotted; this decay is governed by dif-
time [ms] time [ms] fusion losses only.

the reactant gases Ho (or Dy) and Xe are controlled and
regulated independently on each other. The key reactions
taking place in the formation of XeH' (XeD™) ions are
listed in Table 1.

The reactions leading to formation of an Art dom-
inated plasma and the reactions leading to the forma-
tion of Hi and DJ ions are not included in the Table 1,
since they are described and discussed in our previous
publications (see e.g. [16,17]). Since the proton affinity
of Xe is larger than the proton affinity of hydrogen (the
difference is ~0.75 eV), XeH" ions do not react with Hs.
Hence, XeH™ ions are removed from the afterglow plasma
only by the diffusion and by dissociative recombination.
The actual experimental conditions were optimised by a
numerical model. The calculated evolution of ionic com-
position during the afterglow in He/Ar/Xe/Hs plasma is
shown in Figure 7. The zero of the time scale corresponds
to position of port P2 (injection of Hy and Xe). The fast
transition from Art dominated plasma to XeHt domi-
nated plasma immediately after injection of reactant gases
is shown in the detail (right panel). Even if the mixing of

the gases (the end correction) is taken into account the
XeH™ dominated plasma will be formed within 3 ms. The
sequence of the key reactions can be written as:

Art + Hy — (ArH' or HY) + (Xe, Hy) — (XeH™ or Hy)
+ (Xe,Hy) — XeHT. (2)

All these processes were considered in the kinetic model.
The previously discussed EEDFs measured in the Art
dominated plasma show that the plasma is relaxed and
cold before injection of Xe and Hs. In the sequence of the
reactions starting from ArT™ and terminating with XeH™
internally excited ions can be formed. The excess of en-
ergy in XeH' can be up to ~2.8 eV if the exothermicity
of all the reactions is transferred to an internal excitation
of XeH™, which is not very probable. What is more prob-
able is that the exothermicity of the last proton transfer,
leading to XeH™ formation, will be partially used for in-
ternal excitation of XeH™. If a XeH™ ion is formed from
H;, the resulting exothermicity is 0.75 eV if it is formed
from ArHT, the exothermicity is 1.3 eV. Nevertheless, if a
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XeHT ion has an internal excitation higher than 0.75 eV,
it can transfer a proton to Hs and form H;, which will
in a consequent reaction with Xe form a new XeH*. In
this sequence of reactions part of internal energy will be
dissipated. The consequence of this loop is that internal
excitation energy of XeH™ will be lower than 0.75 eV.
The recombination of XeH™ ions is relatively slow and
for our experimental conditions ions on average survive
10-20 ms before recombination, see Figure 7 (for details
of recombination see Refs. [8,18]). During this time XeH™
ions have millions of collisions with He atoms and several
collisions with Hy or Xe. In these collisions an internal
excitation can be quenched or partly quenched, but not
necessarily. For example, the quenching of vibrational ex-
citation of NJ (v = 1) is, in collisions with He or Ny,
very ineffective [19]. The quenching was studied many
times; see the review on quenching in helium buffer gas
by Ferguson [20].

In superelastic collisions of internally excited ions with
electrons the internal excitation can be transferred to ki-
netic energy of electrons. We already mentioned our obser-
vation of such energy transfer in Hej dominated afterglow
in pure He, see Figures 4 and 5 and the above discussion
(for more details see Ref. [7]).

In order to define conditions in the flowing afterglow
plasma used for the study of recombination of H?{, HCOT,
KrH*, XeH" and XeD™" ions [5,18,21] we measured EEDF
in different mixtures of reactant gases used for the prepa-
ration of plasmas dominated by these ions. Because of
the expected dependencies of recombination rate coeffi-
cients of these ions on electron energy we measured EEDF
along the flow tube i.e. upstream in the formation region
and downstream in the recombination and diffusion dom-
inated region. Further we will concentrate on XeHt and
XeD* dominated plasmas. In Figure 8 the EEDFs mea-
sured in XeH™ study are plotted. The reactant densities
used in this particular experiment are slightly higher than
the densities used in the calculation (see Fig. 7) which is
why the formation is slightly faster. We fitted the mea-
sured EEDFs with a Maxwellian distribution (see plotted
lines in Fig. 8) and we obtained the corresponding elec-
tron temperatures. If we consider the above discussed cor-
rection in low energy region <3kp7,, we can see from the
plotted data that the EEDF's are in very good approxima-
tion with a Maxwellian. Nevertheless, we have observed in
the EEDFs a group of “high-energy electrons” with ener-
gies 0.4-0.8 eV. This group contains only a few percent of
all electrons (nf2s*/n, < 1). Note that in this energy re-
gion the measured EEDF is far higher than the noise level,
which is < 0.1% (see above discussion of EEDF measured
in Ar™ dominated plasma). We expect that in this context
these “high-energy electrons” are formed in superelastic
collisions of “cold electrons” from the Maxwellian part of
EEDF with internally excited particles. The question is,
what sort of heavy particle is responsible for this process?
As can be seen from the ion density evolutions plotted in
Figure 7, we can rule out all ions that are present along
the entire flow tube, with exception of XeH™t. From this
estimation we can expect that the internal excitation of
these ions is lower than 0.75 eV.
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Fig. 8. (Color online) Evolution of EEDF in He/Ar/Xe/Hs
plasma obtained from measured characteristics of Langmuir
probe. In low energy region (<0.15 eV), the EEDF's are ex-
pected to be Maxwellian [7]. The solid curves correspond to
Maxwellian electron energy distributions fitted to the mea-
sured data for the decay time 7.5 ms and 45 ms. The plot-
ted EEDFs are normalised to 1. Experimental conditions are
indicated.

The origin of the electron energy from the internal ex-
citation of XeHt can be supported by the observation
that the fraction of “high-energy electrons” in the EEDF
is constant (ratio nf2s*/n,). As can be seen from the plots
(Fig. 8) of the normalized measured EEDFs, the relative
density of the fast electrons decreases by approximately
a factor of two during first 28 ms. During this time the
electron density decays by a factor of twenty (Fig. 7). The
nearly constant value of the ratio indicates that the pro-
duction and losses of the “high-energy electrons” are in
equilibrium or close to equilibrium. If the “high-energy
electrons” are formed in collisions of exited XeH™ ions
with the “cold electrons”, then the formation rate is pro-
portional to [XeH*]n., where [XeH*] is number den-
sity of excited ions. In quasi neutral plasma we can write
[XeH™*n, = ¢[XeH |ne = Enene; where ¢ is the fraction
of ions in the excited state. At energies under 1 eV the
“high-energy electrons” are thermalised by collisions with
the “cold electrons” so the rate of losses is proportional
to ngaStne. From this follows that during the decay the
ratio nf*st/n, ~¢. The observed slow changes of nft/n,
can indicate slow decay of relative density of XeH ™.

We cannot exclude superelastic collisions of electrons
with excited neutral products of recombination of XeH™
ions. If these excited states are long lived, their density will
only slowly decay along the flow tube and fast electrons
will be produced along the whole flow tube, as we observed
in the experiment. These excited particles can have con-
siderably higher excitation energy than just 0.75 eV and
they can produce electrons with higher energy.

We also studied EEDF in He/Ar/Xe/Ds plasma dom-
inated by XeD™ ions. The kinetics of the formation of
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Fig. 9. (Color online) The measured evolution of EEDF
in He/Ar/Xe/Ds plasma. The solid curves correspond to
Maxwellian electron energy distribution fitted to the measured
data for the decay times 13 ms and 53 ms. The plotted EEDFs
are normalised to 1. Experimental conditions are indicated.

XeDt is similar to the formation of XeH". Both ions
have the same recombination rate coefficient [18], so one
can expect very similar behaviour of the EEDF in the
decaying plasma under identical conditions. Surprisingly,
we observed some very pronounced differences, shown in
Figure 9. The main difference is in the temperature of
the decaying plasma: at decay time 13-15 ms the tem-
peratures are ~500 K and ~940 K for XeH" and XeD*
dominated plasma, respectively. At the end of the flow
tube the temperature is higher (600 K) in XeD" domi-
nated plasma. The maximum energy of the “high-energy
electrons” group is 0.65 eV, similar to the XeH" in this
study. We can only speculate that the isotope effect is
connected with differences in energy levels of both ions.

6 Discussion and conclusions

If the density of the excited particles (the ions or the
neutral products of recombination processes) is compa-
rable with the electron density at the position of the port
P2 (~10'° em~?) and it decays along the flow tube then
we can consider it as a source of “high-energy electrons”.
The source can have an intensity J = 10210 cm—3s~!
depending on experimental conditions. In large plasma
in helium buffer gas, where the influence of the wall is
negligible, fast electrons are cooled by electron-electron
“Coulomb” (e-e¢) and electron-helium atom (e-He) col-
lisions. We have estimated the role of these processes
in numerical calculations assuming different intensities
of source “high-energy electrons”. The numerical simu-
lation describes the temporal evolution of the EEDF in
the presence of e-e and e-He collisions. The Monte Carlo
approach was used for electron-neutral collision mod-
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elling. electron-electron Coulomb collisions were treated
by Nanbu’s theory of cumulative small angle scatter-
ing [24]. The calculations give bi-Maxwellian EEDF. The
temperature of the EEDF body in HeJ dominated plasma
depends on the intensity of the source. In Hej dominated
plasma we obtained a qualitative agreement of experimen-
tal and calculated EEDFs. The measured population of
the EEDF tail is higher than the one obtained from the
calculations. The difference between the calculated and
measured data in Hej dominated afterglow indicates that
in the afterglow plasma the transfer of energy from fast
electrons to slow electrons is more effective than was con-
sidered in the calculations. In our plasma the electron en-
ergy relaxation length Ag is comparable to the charac-
teristic dimensions of the flow tube, A\p ~7/2.4 ~ 1 cm,
where r is the flow tube radius (see discussions in refer-
ences [23,25]). It is considered that plasma is local if value
pAp > 1.3 kPacm and nonlocal if pA\p < 1.3 kPacm [22].
With value pAp ~ 1.3 kPacm we are just in the transition
region, where the EEDF will be dependent also on the
electron density. We assume that the mentioned effective
energy transfer is given by the electric field of ambipo-
lar diffusion. Some of the fast electrons will overcome the
ambipolar field and flows to the tube wall. As a conse-
quence the ambipolar field increases. This field then traps
and heats slow electrons. In actual conditions of flowing
afterglow plasma the heating of electrons via this mecha-
nism is more intensive than the heating (energy transfer
from high energy electrons) from e-e and e-He collisions.
By the inclusion of an electric field in our calculations we
improved the agreement with the experimental data but
we still only have a qualitative agreement.

The situation is even more complicated in the inter-
pretation of data obtained in XeH" and XeD" dominated
plasmas. In the early afterglow the superelastic collisions
of “cold electrons” with excited ions (with excitation en-
ergy <0.75 eV) are probably the main source of hot elec-
trons. This is reflected in the measured EEDF, which
have high-energy groups of electrons with energy under
~0.75 eV. In later afterglow the fast energy group dimin-
ishes and we observe a cut of the high-energy part of the
measured EEDF, this can be connected with transition to
a nonlocal character of the plasma and with an increasing
in the excitation of ions (parameter £ in above discussion).

We have measured EEDFs in different experimen-
tal conditions in nearly thermal afterglow plasmas; we
have observed deviation of EEDFs from Maxwellian
distribution. The deviation is very small in cold Ar™ dom-
inated afterglow, higher in Hej dominated afterglow and
very pronounced in XeH" and XeD* recombination domi-
nated afterglow plasma. To our knowledge this is the first
measurement of EEDFs in nearly thermal plasma (300—
1000 K) indicating the role of superelastic collisions on
electron heating, on plasma decay and the rate of the
electron temperature relaxation. The effective recombina-
tion rate coefficient (aef) measured in an afterglow plasma
(FALP experiments [26]) with Maxwellian EEDF (temper-
ature T') and an additional small “group of fast electrons”
(nfast/n, < 1) is in good approximation given by the
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formula (see e.g. [18]): et (T) = glow (T) + Qgastn @t /ne.
This has to be considered in data analysis. Also important
is the higher electron temperature in comparison with the
buffer gas temperature. In the present experimental con-
ditions the small deviation of EEDF from Maxwell dis-
tribution (nf2*/n, < 0.04) is not playing a role in the
determination of the recombination rate coefficient (see
also Ref. [18])
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